Density functional theory (DFT) and DFT corrected for on-site Coulomb interactions (DFT+U) calculations are presented on Aluminium doping in bulk TiO 2 and the anatase (101) surface. Particular attention is paid to the mobility of oxygen vacancies throughout the doped TiO 2 lattice, as a means by which charge compensation of trivalent dopants can occur. The effect that Al doping of TiO 2 electrodes has in dye sensitised solar cells is explained as a result of this mobility and charge compensation.
Introduction
Titanium dioxide (TiO 2 ) has a wide variety of technological uses to which the considerable scientific interest in its surface properties can be attributed. For example TiO 2 is used in photocatalysis 1,2 and in dye sensitised solar cells (DSSCs). 3 DSSCs have been receiving widespread attention recently as a possible a clean, cost-effective renewable energy source.
Crystal defects can have a significant role in defining the properties of TiO 2 , and therefore the electrodes used in DSSCs. Actively doping TiO 2 with nitrogen, for example, is known to lower the photo-excitation threshold in anatase TiO 2 , 4,5 an extrinsic defect which has been put to use in photo-catalysis. 2 Aluminium dopants can be introduced in TiO 2 by inclusion of aluminium butoxide during the hydrolysis of titanium iso-propoxide (TTIP) 6 to form TiO 2 .
DSSC electrodes including aluminium dopants produced in this manner have been shown to decrease the concentration of Ti 3+ defects resulting from oxygen vacancies, improve the open circuit voltage (V OC ) and thereby the DSSC efficiency, 6 however the mechanism has not been fully understood. Intrinsic defects, such as oxygen vacancies, also have a important role in the chemical reactivity of TiO 2 surfaces. An example is dissociation of water at vacancy sites on rutile (110).
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Oxygen vacancies introduce localised band-gap states in TiO 2 resulting in the formation of Ti 3+ ions 8, 9 which can trap injected electrons, and act as recombination centres. 10 Oxygen plasma treatments of TiO 2 electrodes, which reduce the number of oxygen vacancies, have shown a marked increase in the short-circuit current of DSSCs, 11 which indeed suggests that vacancies have a negative effect on DSSC performance. An increase in recombination sites in a DSSC will lead to interception of injected electrons by either the redox couple in solution, or by back transfer to dyes. Similarly this increase in recombination can cause a down shift in the quasi-Fermi energy of electrons in the conduction band, and a subsequent reduction in the short circuit voltage V OC .
Previous theoretical studies carried out on aluminium doped TiO 2 have examined the stability of bulk defects in both rutile and anatase. In the case of anatase, clustering of defects in which two Al dopants combined with oxygen vacancies was found to produce the most stable defect type. 12, 13 However the migration of aluminium interstitials throughout the bulk anatase crystal was found impossible at industrial temperatures, due to large transition barriers. 12 Oxygen vacancies are known to preferentially occupy sub-surface sites in anatase (101), 14, 15 with diffusion barriers that can be overcome at typical annealing temperatures.
Diffusion of these oxygen vacancies suggests another mechanism by which stable clustering of intrinsic and extrinsic defects may occur in aluminium doped TiO 2 .
The object of this work is to examine the effect of aluminium doping on the majority anatase (101) surface, 16 and to understand the observed increase in DSSC efficiency which results. To this end density functional theory (DFT) calculations have been carried out to characterise the doped (101) surface, with a particular focus on the interplay between intrinsic oxygen vacancy defects and the extrinsic aluminium dopants. Defect stabilities have been calculated for aluminium defects with and without the presence of oxygen vacancies, in both the bulk and the (101) surface.
Nudged elastic band (NEB) calculations have also been performed to establish diffusion barriers for oxygen vacancies in the presence of aluminium dopants, and illustrate the possibility of the intrinsic extrinsic defect clustering. Finally the effect of these defects on the adsorption of a typical DSSC dye is examined.
Computational Detail
All calculations have been performed using the plane wave DFT code VASP. 17 Exchange and correlation effects were approximated by the generalised gradient approximation of Perdew and Wang 18 with core electron wavefunctions treated within the projector augmented wave method. 19 For both bulk and surface calculations a plane wave cut-off of 800 eV has been
used, which we have tested and give total energies converged to within 0.06 eV of values at 700 eV for the bulk.
Calculated lattice parameters for the bulk anatase TiO 2 without defects can be seen in Fig. 1 . Good agreement with experimental data and the results from the previous work can be seen, and we have used these bulk lattice parameters throughout the current investigation.
Periodic images of the defects will interact with one another, and in order to gauge the extent of this interaction in the bulk case we have taken one defect type (A2; see Fig. 2 ) and Monkhorst-Pack k-point mesh has been utilised throughout these calculations with dimensions of 6 × 6 × 3 for the smallest supercell, varying to 3 × 6 × 3 for the largest supercell and provided energies converged to within 1 × 10 −5 eV. Relaxations were performed using the conjugate gradients method, and considered finished when forces on ions were less than 0.03 eV/Å.
For surface calculations a four layer triclinic unit cell containing 288 atoms, with cell dimensions illustrated in Fig. 1 , was the clean starting point. In order to prevent spurious interactions between periodic slabs it was ensured that a vacuum layer of at least 10Å separated images in the (101) direction for all calculations. A Monkhorst-pack grid of 2×2×1 was utilised throughout surface calculations, and increased to 4 × 4 × 1 for density of states calculations. Fixing the bottom layer to the relaxed bulk position, geometry relaxations were again performed with the conjugate gradient method until ionic forces were less than 0.03 eV/Å. Calculations on chromophore adsorption were performed following previous work, 21 and considered fully relaxed when forces on ions were less than 0.03 eV/Å. In the calculation of defect stability isolated molecule calculations have been performed, and in each case the cell dimensions are the same as the substrate to which they will be compared. 
Bulk Defects
Previous studies have suggested that interstitial defects are relatively less stable than substitutional doping, 12 so here we focus only on these substitutional defect types. This is consistent with experimental evidence for the aluminium doping of rutile suggesting that Al will substitutionally replace Ti atoms. 
such that
where ∆E 0K is the energy of reaction at 0K, and E b is binding energy as given by our DFT calculations. Zero point energies have been neglected.
As a first step we perform calculations on the A2 defect in order to evaluate the typical defect-defect interaction. Calculated bulk energies of reaction for the A2 defects in varying supercell sizes are exhibited in Table 2 . Reaction energies suggest that defect-defect interaction is fairly short ranged, with energies at a defect separation along the varying vector of around 7Å converged to within 0.06 eV of that at a distance of around 11Å. In order to minimize the defect-defect interaction bulk calculations proceed with supercells of dimenisons The calculated defect stability for each of the four defects examined can be seen in Table   3 , and in the following subsections we discuss each of these bulk defects in turn.
A1 defect
Substitution of an Al 3+ ion for a Ti 4+ ion will result in one less electron in the system, and an oxygen hole being formed. Polaronic in nature, this resulting O -state is poorly described by GGA and we have examined the defect stability and hole characteristics with varying values of on-site Coulomb interaction (U ) Fig. 3 .
Defect formation energy and O -hole position can be seen to have a significant dependence on the value of the applied U correction (no value is reported for U=1 eV as convergence was not reached). Reaction energies vary over a wide range of around 1 eV. Similar ranges for reactions involving TiO 2 on varying U have been reported elsewhere. 30 In the case of pure GGA the hole is found to be delocalised throughout the system, and becomes increasingly more localised on an oxygen atom neighbouring the aluminium dopant as the value of U is increased. Hartree-Fock studies of Al doped rutile TiO 2 find a well localised polaron associated with the dopant. Here we find that a U value of 6eV provides a well localised hole, which can be seen in Fig. 4 , and is close to the value of 7eV used to describe the polaronic hole in rutile 23 and oxygen polarons in other materials. Energetically, as this hole becomes more localised with increased values of U, its position is shifted further from the valence band in the band gap. Partial density of states for the pure GGA defect and the GGA+U (U = 6eV) can be seen in Fig. 4 
(c). For uncorrected
GGA the defect is unpolarised with the oxygen hole located at the top of the valence band, consistent with results reported by Shirley et al. 12 For the GGA+U solution the defect is polarised, with the localised hole in the band gap. 
A2 & A3 Defects
Calculated bulk energies of reaction for the A2 and A3 defects, and the comparative result for the A1 defect, are exhibited in Table 3 . Given the wide variation of calculated reaction energies for the A1 defect formation with the value of the applied onsite Coloumb correction,
we have also calculated the reaction energies for the A2 and A3 defects with an applied correction in order to make a direct comparison of the stability.
GGA predicts defect types comprising two aluminium substitutions with an oxygen vacancy, types A2 & A3, to be exothermic with the most stable defect type being A2. Single substitutional defect A1 is found to be endothermic by GGA. These results are in good agreement with previous work using the PBE functional, with ultrasoft pseudopotentials.
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Substitution of an Al 3+ for one Ti 4+ results in one less electron in the system, and a O -state is formed rather than O 2-. Combining two of these substitutions with an oxygen vacancy results in formal charge being maintained, giving the stability of defect types A2 & A3. While we can put less faith in the absolute values of the GGA+U results, given the empirical nature of the method and the lack of experimental data, the same trend is still exhibited with the clustered A2 and A3 defect types being more stable than a single Al
3+
for Ti 4+ substitution and a similar energy difference between A2 and A3 defects is found for both GGA and GGA+U.
A4 Defect
As a final defect type we have also examined the partial charge compensation of a single dopant combined with an oxygen vacancy. Defect stability for this A4 defect can also be seen in table 3, and we see that it is considerably less stable than the other three defects.
Calculations performed using GGA are reported as incorrectly delocalising oxygen vacancy states throughout the lattice with occupied states at the bottom of the conduction band. 22 As such we also apply the GGA+U method with a value of U=3eV to these states, which has been shown to correctly describe these Ti 3+ defects qualitatively. 22 In bulk TiO 2 an oxygen vacancy results in the formation of occupied Ti 3+ defect states in the gap.
The PDOS for both the pure GGA and the GGA+U solutions can be seen in Fig. 5 Both methods produce an occupied vacancy defect state at the bottom of the conduction band, which is delocalised throughout the lattice, while the oxygen hole associated with the Al dopant has been removed. This partial charge compensation can be seen as the most simple arrangement of an Al and vacancy defect leading to the clean up of Ti 3+ states.
(101) Surface
In the case of the (101) surface numerous inequivalent positions are available for defects.
The clean stoichiometric surface contains both five-fold and six-fold co-ordinated titanium atoms, each of which may be substituted for an Al atom. Energies of reaction for A2 and A3 defects in which substitutions occurred in different (101) layers were consistently found to be less stable than those containing two Al atoms in the same layer and therefore we only report the latter results. Differing defect positions for A2 defects can be seen in atoms are themselves under co-ordinated as a result of being at the surface.
Given the empirical nature of the GGA+U reaction energies, the A1 GGA+U results are given relative to the bulk case in order to focus on the general trend rather than absolute values. Similar energetic bias towards the subsurface D2 is exhibited, with the D1.2 position the least stable. GGA+U results for the A1 defect suggest that if the defect resides close enough to an under co-ordinated surface O(2) atom the O -hole will localise on it. Defect positions D1, D1.2 and D2 all result with a surface localised hole state , as can be seen in Fig. 8 . Indeed in the case of the D3.2 defect the hole localises on an O(2) atom in the bottom layer of the surface which, given that the bottom layer of the slab is fixed to the bulk position, explains the increase in the D3.2 defect formation energy relative to the bulk.
Energetically GGA predicts no variation in position relative to the valence band of the hole state, while for the GGA+U calculations a large energetic variation is observed with differing location in the surface Fig. 8 . At the surface the hole state is found energetically further from the valence band, converging towards the bulk value as it moves away from the surface into the slab. This effect may be seen for two examples in Fig. 7 (D3.2 being the exception again, due to the localisation of the hole on a fixed atom).
As in the bulk case, the most stable defect is found to be that of type A2 and its formation is energetically favourable when at the D2 sub-surface position. Similarly, as in the bulk case, defect A4 is significantly less stable than the other three defect types. An important difference to note is that GGA predicts that when A1 defects reside at subsurface sites the defect formation becomes exothermic and energetically favourable, unlike the bulk which is endothermic. It is worth noting that the differences between all three defect stabilities are not so large, with ∼ 0.2 eV differences between the calculated stabilities for the A1 and A3 defects, and the A3 and A2 defects respectively.
Oxygen Vacancy
We have seen that introduction of an Al dopant produces hole states in the band gap. Intrinsic oxygen vacancies have the opposite effect, introducing occupied states within the band gap. In the case of GGA these states are delocalised throughout the lattice, and unpolarised with the introduced states both at the bottom of the conduction band. Application of DFT+U produces a localised vacancy state on a neighbouring Ti atom, giving us a Ti 3+ ion, and a second delocalised throughout the lattice (spin difference isodensity plot may be seen in Fig. 9 ). We can see from the partial density of states that both states lie relatively close to the conduction band edge, with the localised state further into the band gap.
This is similar to the situation reported for oxygen vacancies in bulk anatase treated with GGA+U, 22 however in the bulk two different solutions are found for the U=3eV case, one with a localised vacancy state and a delocalised vacancy state and a second in which both states are localised. Here we find only one stable structure, which we assume is due to the surface perturbation of the structure relative to that of the bulk.
Vacancy Diffusion
Thus far we have examined several defects in which extrinsic dopants cluster with intrinsic oxygen vacancies without discussing how this clustering will occur. Previous work has suggested that the movement of aluminium interstitials throughout the anatase lattice is not energetically feasible. 12 Here we propose the diffusion of oxygen vacancies throughout the lattice as a mechanism by which Al dopants and oxygen vacancies can combine.
In order to investigate this possibility we have performed climbing image nudged elastic band (NEB) calculations, 32 using the GGA functional, to examine the energy profile along oxygen vacancy diffusion paths which would result in the formation of A2, A3 and A4
defects. For these calculations the computational expense has been eased by reducing the number of anatase layers in the slab to three (sub-surface defects in position D2, i.e. those in the second layer from the surface, remain the most energetically favoured in the three layer slab). Given the preference of oxygen vacancies to reside subsurface in anatase TiO 2
and their reported mobility, 33 we examine the diffusion of these subsurface oxygen vacancies towards the aluminium dopants, with diffusion proceeding parallel to the (101) surface. This is taken as a viable mechanism for the combination of vacancies with dopants, given their preference to reside sub-surface, although it is also entirely possible that vacancies could diffuse directly from the surface towards Al dopants.
Firstly a single oxygen vacancy diffusing towards a single A1 defect to form the A4 defect is examined, with the vacancy pathway and energy profile illustrated in Fig. 10 . A clear enegetic bias (∼ 0.2 eV) towards the formation of the A4 defect is exhibited, with an extremely small barrier of around 0.08 eV, which will be easily overcome at room temperature.
Next we consider the formation of A2 and A3 defects, again through the diffusion of oxygen vacancies towards Al dopants. It is worth noting that we have performed short tests using the NEB approach on the likelihood of substitutional Al dopants being able to traverse the lattice mediated by vacancies, but found significant energy barriers suggesting that Al dopants are indeed immobile. However given an experimental atomic composition of 3.3% aluminium in the doped TiO 2 powders, 6 and assuming that Aluminium is doped substitionally, Al dopants will occupy ∼ 10% of all lattice sites available. Each Ti lattice site is "coordinated" to 8 other Ti lattice sites, by which we mean there are 8 other adjacent Ti lattice sites which, when occupied by aluminium atoms, will arise in the proper configuration for either an A2 or A3 defect to be formed. Therefore the probability of two Al dopants residing adjacent to one another on the lattice of Ti sites in this manner is very significant.
For example in a bulk supercell containing 60 atoms, at the experimental composition of 3.3%, there will be around two dopants. Each Ti lattice position available to these dopants is coordinated in the manner discussed to over 40% of remaining Ti lattice sites.
Therefore we examine the energetic barrier for oxygen vacancy diffusion towards two Al atoms residing adjacent to one another in the TiO 2 lattice, in order to gauge the typical energetic barrier
Potential energy surfaces and vacancy diffusion pathways for the formation of A2 and A3 defects can be seen in Figs. 11 and 12 . Small diffusion barriers of around 0.15 eV and 0.1 eV are found for the A2 and A3 defects respectively, which will be easily overcome at room temperature. Energetic gains on overcoming these barriers of around 0.25 eV and 0.13 eV for A2 and A3 defects illustrate a bias towards the formation of these defects. Oxygen vacancy diffusion therefore provides a mechanism by which the aluminium dopants combine with oxygen vacancies in their proximity. This result explains the experimentally observed reduction in Ti 3+ defects on doping of TiO 2 with aluminium.
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Electronic Structure & Chromophore Adsorption
Adsorption of a chromophore to TiO 2 electrodes is one of the fundamental interactions in a dye sensitised solar cell. To understand the impact of aluminium doping on this interaction calculations on a composite system in which a chromophore is adsorbed onto both clean and defective surfaces have been performed. For this purpose we have chosen the C2-1 tetrahydroquinoline chromophore which has shown to successfully sensitise TiO 2 in DSSCs.
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The C2-1 chromophore is known to preferentially bind to the clean anatase (101) surface via a dissociative bidentate bridging mechanism 21 and it is this adsorption mode that is used throughout. The C2-1 dye has been adsorbed on surfaces containing the stable A2
and A3 clustered defects in subsurface positions, and compared with the adsorption on a surface containing an oxygen vacancy for comparison. Adsorption energies are calculated by the subtraction of the energy of the defective slab and the isolated C2-1 chromophore from that of the total system and are shown in Table 5 . Adsorption on the slab containing a subsurface oxygen vacancy increases the adsorption energy significantly with respect to the clean surface, whereas the adsorption on slabs containing the aluminium defects vary only slightly with respect to the clean surface. Experimentally it has been reported that aluminium doped TiO 2 binds chromophores more strongly to the surface, due to a preference for dye molecules to attach to stable Ti 4+ atoms rather than Ti 3+ . 6 Our result that the C2-1 adsorption energy increases on the preferential subsurface oxygen vacancy compared to the Al defects suggests that this result is due to observed morphology changes resulting from the doping, not as a result of a decrease in Ti 3+ concentration. As we have already seen that in the A1 substitutional defect an Al 3+ ion replacing a Ti Adsorption above the oxygen vacancy results in electronic structure that retains the occupied defect state at the bottom of the conduction band. This can be seen in Fig. 14 where the HOMO (at the zero on the x-axis) resides in the conduction band for the O v case, while it is dye localised for the A2 & A3 cases (it is worth noting here that the result in Fig. 14 for the oxygen vacancy was obtained including the effects of spin polarisation but, with little difference observed between spin up and spin down, we report only the spin up result).
Interestingly the oxygen vacancy also down shifts the dye localised HOMO relative to the conduction band, while the A2 defect very slightly shifts these dye localised gap states closer to the conduction band. We have also performed adsorption calculations on the oxygen vacancy with GGA+U (again using the PAW approach) and found a similar result, as can be seen in Fig. 15 Adsorption of a typical DSSC chromophore, the C2-1 tetraquinoline dye, on the defective surface has been investigated. Adsorption to the oxygen vacancy site is found to be the most energetically favoured, with the adsorption on the A2 and A3 defects behaving much like adsorption on a clean surface. The observed V OC increase on aluminium doping of the TiO 2 electrodes in DSSCs is concluded to be as a result of the reduction in Ti 3+ states, and not due to stronger binding.
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